Asparagine linked glycosylation of proteins by the oligosaccharyltransferse (OST) occurs 2 when acceptor sites or sequons (N-X≠P-T/S) on nascent polypeptides enter the lumen of the 3 rough endoplasmic reticulum. Metazoan organisms assemble two isoforms of the 4 oligosaccharyltransferase that have different catalytic subunits (STT3A or STT3B) and partially 5 non-overlapping cellular roles. Potential glycosylation sites move past the translocation channel 6 associated STT3A complex at the protein synthesis elongation rate. Here, we have investigated 7 whether close spacing between acceptor sites in a nascent protein promotes site skipping by the 8 STT3A complex. Biosynthetic analysis of four human glycoproteins revealed that closely 9 spaced sites are efficiently glycosylated by an STT3B-independent process unless the sequons 10 contain non-optimal sequence features including extreme close spacing between sequons (e.g.,
Introduction 1
Asparagine-linked glycosylation is one of the most common protein modification 2 reactions in eukaryotic cells, occurring on N-(X≠P)-T/S/C consensus sequons on newly 3 synthesized proteins in the lumen of the rough endoplasmic reticulum (RER). Transfer of the human STT3A and STT3B genes cause two newly identified forms of congenital disorders of 1 glycosylation (STT3A-CDG and STT3B-CDG) (Shrimal et al., 2013a) . Fibroblasts from 2 patients with STT3A-CDG and STT3B-CDG have defects in N-linked glycosylation that 3 resemble HeLa cells that have been treated with STT3A or STT3B specific siRNAs (Shrimal et 4 al., 2013a) . 5 Depletion of non-catalytic OST subunits (ribophorin I, OST48 or DAD1) that are shared 6 by both the STT3A and STT3B complexes generally cause a global defect in N-linked 7 glycosylation because accessory subunit loss reduces the stability of both the STT3A and STT3B 8 complexes (Roboti and High, 2012; Ruiz-Canada et al., 2009; Wilson and High, 2007) . 9 Likewise fibroblasts from CDG patients with a mutation in the DDOST gene, which encodes 10 OST48, have a general defect in N-linked glycosylation (Jones et al., 2012) .
11
Closely spaced sequons might be prone to skipping by STT3A due to the bulky nature of 12 the attached glycan, the kinetics of protein synthesis and the low fold molar excess of the 13 oligosaccharide donor relative to the OST in cells. Potential glycosylation sites will pass by the 14 translocation channel associated STT3A complex at the protein synthesis elongation rate, which 15 is roughly 5-6 residues per second in mammalian cells (Hershey, 1991) . Dolichol-linked 16 oligosaccharide pools are low (~1-2 nmol/gm of tissue) (Gao and Lehrman, 2002; Kelleher et al., 17 2001) relative to the amount of the OST (~0.5 nmol/gm) (Guth et al., 2004; Kelleher et al., 1992) . 18 When tested using in vitro translation systems supplemented with microsomal membranes, 19 glycosylation of adjacent NXT sites was unfavorable compared to sequons that are separated by 20 one or more intervening residues (Karamyshev et al., 2005) indicating that close spacing can 21 reduce glycosylation efficiency. 22 Nonetheless, efficient glycosylation of closely spaced sites has been documented for 23 several glycoproteins and is known to be important for protein function and cell surface 24 expression. Glycosylation of two closely spaced sequons in blood coagulation factor X is 25 needed to prevent premature clearance of factor X from the bloodstream (Gueguen et al., 2010) . 26 Certain membrane transport proteins including the neuronal glycine transporter GlyT2 27 (Martinez-Maza et al., 2001) , the GABA transporter GAT1 (Cai et al., 2005) and the bile salt 28 export pump ABCB11 (Mochizuki et al., 2007) each contain a cluster of three or four closely 29 spaced sequons. Interestingly, two of the potential glycosylation sites in these clusters need to be 30 modified to achieve normal cell surface expression and activity of GlyT2, GAT1 and ABCB11. 31 Journal of Cell Science Accepted manuscript 10 Using a database of experimentally verified glycopeptides (Zielinska et al., 2010) derived 11 from 1902 murine glycoproteins we generated a collection of 11,983 N-X-T/S sequons (Shrimal 12 et al., 2013b) . Using this sequon collection, we determined the frequency distribution for 13 distances between acceptor sites in murine glycoproteins (Fig. 1A ). If glycosylation sites were 14 uniformly distributed through glycoprotein sequences, the location of sites would be a Poisson 15 process with the distance between sites being described by an exponential density function. 16 However, the observed distance between sequons fits a log normal distribution with a frequency 17 maximum centered at ten residues between acceptor sites ( Fig. 1A , black curve) rather than the 18 distribution described by the exponential density function ( Fig. 1A , red curve). Remarkably, 19 more than 20% of all murine sequons are located less than 20 residues away from a neighboring 20 sequon. Overlapping sites (NN-T/S-T/S, red square) and adjacent sites (NX-T/S-NX-T/S, blue 21 square) are less abundant than expected for a uniform distribution ( Fig. 1A , inset). However, 22 sequon pairs with 1-3 residue gaps between the two sequons (e.g. NX-T/S-Z 1-3 -NX-T/S, where Z 23 is any amino acid) are quite common ( Fig. 1A inset; cyan square, circle and triangle, 24 respectively).
25
A database of 2256 murine cytoplasmic proteins with a minimum of two N-X≠P-T/S 26 sites per protein was analyzed in an identical manner (Fig. 1B) . The observed distance between 27 sites in cytoplasmic proteins was well fit by an exponential density function indicating that 28 NXT/S sequences in cytoplasmic proteins are uniformly distributed. As expected from the lower 29 density of NXT sites in proteins that do not enter the secretory pathway (Cui et al., 2009) , the 30 mean distance between sites for the cytoplasmic proteins is greater ( Fig. 1A and 1B, note change 31 Journal of Cell Science Accepted manuscript 7 in the ordinate scale). Less than 15% of NXT/S sites were located within 20 residues of a 1 neighboring site. Overlapping sites and adjacent sites in cytoplasmic proteins are not less 2 abundant than expected for a uniform distribution (Fig. 1B , red and blue squares in the inset).
3
The percentage of sequon pairs that have the four possible combinations of threonine and 4 serine residues was determined for overlapping sequons, adjacent sequons, and sequons 5 separated by small (NXT/S-Z 1-10 -NXT/S) or intermediate sized gaps (NXT/S-Z 21-50 -NXT/S). The 6 observed composition of sequon pairs that are separated by 21-50 residues resembled the total 7 sequon pair composition (Fig. 1C) . The 2-fold enrichment of the NNST sequence among 8 overlapping sequons primarily occurs at the expense of NNTT sequons. Overlapping sequons in 9 glycoproteins are modified on a single asparagine residue (Karamyshev et al., 2005; Lockridge et 10 al., 1987; Reddy et al., 1999; Reddy et al., 1988) due to steric constraints within the OST active not have a greater than expected proportion of NNST sequences (data not shown).
19
NXTNXT pairs were enriched among adjacent sequons relative to the expected 20 distribution, while NXTNXS and NXSNXT showed modest decreases (Fig. 1C , Gap 0 ). The 21 enrichment for NXT sequon pairs decreases as the gap between sequons increases (Fig. 1C, 22 Gap 1-10 compared to Gap 21-50 ). Cytoplasmic proteins showed no enrichment for NXT sequon 23 pairs regardless of the gap between NXT sequences (data not shown). Glycopeptide databases 24 from seven model organisms (Zielinska et al., 2010; Zielinska et al., 2012) were combined to 25 examine the apparent modification frequency of closely spaced sequons relative to total sequons 26 ( Fig. 1D ). Adjacent sequons as well as gap-1 and gap-2 sequons showed a low apparent 27 diglycosylation frequency relative to the modification frequency for total sequons. Larger gap 28 distances were not calculated due to the increasing probability that nearby sequons are located on 29 separate tryptic or Glu-C glycopeptides. Diglycosylated adjacent and gap-1 sequons were 30 strongly enriched in paired NXT sites ( Fig. 1E ). As the gap between sequons increased, the additional mutants (HpxΔ145 and HpxΔ145 S189T) revealed that site skipping of sequon 2 was 27 reduced, but not eliminated, when the serine was replaced with threonine. Analysis of double 28 (HpxΔ25) and triple (HpxΔ125) mutants that lack both STT3B sites showed that glycosylation of 29 the two closely spaced sites (N240 and N246) was efficient and STT3B independent, but could 30 Journal of Cell Science Accepted manuscript 9 be mediated by STT3B when STT3A levels were reduced ( Fig. 2D, 2E ). Taken together, these 1 experiments indicate that two NXT sites separated by a three residue gap can be efficiently 2 glycosylated by the translocation channel associated STT3A complex. with threonine residues (ZAGΔ34 S111T S114T). However, glycan occupancy of one or both of 20 the adjacent sites in the ZAGΔ34 S111T S114T mutant was clearly incomplete. The two ZAG 21 triple mutants (ZAGΔ134 and ZAGΔ234) yielded monoglycosylated ZAG as the major product 22 indicating that both sequons could be glycosylated when tested alone. Even though the N 109 DS 23 site showed lower glycan occupancy than the N 112 GS site when tested in isolation, we cannot 24 conclude that the N 109 DS site is preferentially skipped in wild type ZAG. In the context of ZAG, 25 adjacent NXS sequons are poorly glycosylated even when both sites are functional.
26
In addition to the major ZAG product detected in each lane, we detected an additional 27 less rapidly migrating product ( Fig. 3C , arrowheads) even when the protein had a single potential 28 glycosylation site (e.g., ZAGΔ134). Pulse-labeling experiments and endoglycosidase H 29 digestions show that the slow mobility ZAG product is not explained by the presence of an 30 Journal of Cell Science Accepted manuscript additional N-linked glycan (Fig. S1) as this product is prominent in pulse-labeled samples, but 1 has a reduced intensity after the chase incubation. Slow cleavage of the ZAG signal sequence is 2 one potential explanation for the transient slow mobility product.
3 Impact of hydroxyamino acid and gap length on sequon skipping 4 The secretory protein haptoglobin (Hp) is an α 2 β 2 disulfide-linked tetramer that has four 5 sequons in the β-subunit (Fig. 4A) including a gap-1 sequon pair (N 207 HS and N 211 AT). A series of HpΔ14 derivatives were constructed to determine whether there are additional 10 factors that might limit glycosylation of closely spaced NXT sequons (Fig. 6A ). The Hp-N2 11 construct, which has a gap-1 sequon pair, was glycosylated at both sites as expected ( Fig. 6B ).
12
Addition of a third sequon (Hp-N3) resulted in the synthesis of two products, neither one of 13 which comigrated precisely with Hp-N2. Limited endoglycosidase H digestion of indicates that the less rapidly migrating product has three N-linked oligosaccharides (Fig. 6C) . Hp-N4 and Hp-N5 as a single product suggests that one sequon was uniformly skipped as 20 opposed to incomplete modification of two or more sequons in the tandem array. Incomplete 21 modification of two or more sites should yield a more complex pattern with multiple glycoforms.
22
To test this hypothesis two additional mutants were constructed (Hp-N2QN and N2QN2) 23 wherein the third site was inactivated by the N211Q mutation. Consistent with the hypothesis 24 that the third sequon in N4 and N5 is always skipped, the Hp-N4 product comigrated with the 25 Hp-N2QN product, but more rapidly than the Hp-N2QN2 product. How can we explain uniform Local sequence context effects that likely reduce glycosylation of adjacent or gap-1 NXT 20 sites include sub-optimal X residues (Kasturi et al., 1995) as well as proline residues located at 21 the +3 position relative to an asparagine acceptor site (Gavel and Von Heijne, 1990) . The 22 incomplete modification of the ZAGΔ34 S111T S114T mutant is likely explained by the Hpx and Hp join a growing list of sequons that are skipped at high frequency by STT3A and are 21 subsequently modified by STT3B.
The STT3B complex reduces glycoprotein heterogeneity 23 The presence of a NXT/S site within a protein coding sequence does not insure N- 
Site directed mutagenesis was employed to insert or eliminate glycosylation sites. All 23 glycosylation sites were inactivated by asparagine to glutamine substitutions. Dry gels were exposed to a phosphor screen (Fujifilm, Tokyo, Japan) and scanned in Typhoon 
24

Radiolabeling and immunoprecipitation of glycoproteins
17
The glycoprotein sequences were downloaded, and the locations of the glycopeptides were 18 verified. A complete list of 11,983 sequons (N-(X≠P)-T/S) in the 1902 murine proteins was 19 generated. NXC sequons were excluded due to their much lower modification frequency than 20 NXT or NXS sequons.
21
The distance between sequons in the murine glycoproteins was determined after 22 excluding 129 proteins with a single sequon. Each pair of sequons for which a distance was 23 calculated was further categorized as a NXT-NXT, NXT-NXS, NXS-NXT or NXS-NXS pair 24 depending upon the sequence of the two sites.
25
The frequency distribution for distance between sequons was fit to the following equation:
, where D r is the distance between sequons in residues, 27 µ is the mean and σ is the standard deviation of the natural logarithm of D r .
28
The curve for a random distribution of sequons in murine glycoproteins was obtained by 29 using a random number generator to reassign the location of sequons in each of the murine 30 Journal of Cell Science Accepted manuscript 20 glycoproteins. The distance between randomly assigned sequons was fit to the exponential 1 density function:
where µ is the mean distance between randomly assigned sequons.
3
The murine glycopeptide database was combined with class I glycopeptides from six 4 other model organisms (S. cerevisiae, S. pombe, A. thaliana, C. elegans, D. melanogaster and D. 5 rerio; (Zielinska et al., 2012) ) to obtain a database with 14091 experimentally verified 6 glycopeptides. The combined glycopeptide database was used to generate Fig. 1D and 1E . 
